induced silencing complex (RISC), which targets homologous RNAs for degradation ([6, 7], reviewed in [2, 8] to-petal and carpel-to-sepal transformation in the hua1-1
Figure 1. miRNA Precursors and Complementarity of miRNAs to mRNAs
(A) Stem-loop structures of putative miRNA precursors. Genomic sequences (62-102 nt) containing the miRNAs were used for RNA secondary structure prediction with the m-fold program (see the Experimental Procedures). The structures shown are the outputs from m-fold without manual modification. The miRNA sequences are underlined. Two miRNA sequences in the same precursors are differentiated by colors (one in black and the other in gray). A hyphen indicates the absence of nucleotides. For MIR167, MIR172, MIR175, MIR176, MIR177, and MIR179, identical miRNA sequences were found at multiple genomic loci (as indicated by numbers after dashes; MIR167a-2 not shown). For MIR167, MIR172, MIR175, and MIR179, the putative precursors of the different identical miRNA copies were related but were not identical in sequence, but they were able to form stem-loop structures. For MIR176 and MIR177, which were found in the same precursor, the precursor sequences of the identical miRNA copies at different genomic loci were identical with one exception (MIR176-4 and MIR177-4). . Intriguingly, many aspects of the mutant phenohua2-1 hen1 triple mutants, the hen1 single mutants types exhibited by the stronger hen1-1 allele are almost ure 1A). However, there appeared to be more and maybe larger loops in the stems of the plant precursors, and identical to those in the sin1/caf-1 mutants, and this leads us to hypothesize that HEN1, like CAF, acts in this finding suggests that the requirement for double strandedness in the precursors is more relaxed in plants. miRNA metabolism in Arabidopsis. Here, we report the isolation of 11 miRNAs from Arabidopsis and show that Like metazoan miRNAs, the Arabidopsis miRNAs were found primarily in the double-stranded regions of the HEN1 and CAF are both required for miRNA accumulation.
structures. The structure of MIR179 was unusual in that the miRNA was predicted to be located nearly symmetrically around the loop ( Figure 1A) . The MIR176 and Results MIR177 miRNAs were potentially derived from the same precursor ( Figure 1A ).
Isolation of miRNAs from Arabidopsis To begin to test our hypothesis that HEN1 plays a role
Genome Organization of MIR Genes in miRNA metabolism, we aimed to clone small RNAs, The MIR173, MIR174, and MIR178 miRNAs were each 18-28 nt in size, from Arabidopsis using a protocol preencoded by a single copy gene ( Table 1 ). The other viously employed to isolate siRNAs and later used to eight miRNAs, however, had multiple identical or related isolate miRNAs from animals ( [17, 34] ; see the Experisequences scattered in the genome. We analyzed all mental Procedures). We obtained 230 unique, putative the identical sequences and the related sequences that small RNA sequences, which were subjected to BLAST differed from the mature miRNAs by no more than four [35] analyses against the Arabidopsis genome (http:// nucleotides to determine whether the putative precurwww.Arabidopsis.org/Blast/). A total of 176 sequences sors could form stem-loop structures. Indeed, all eight corresponded to known noncoding RNAs, such as miRNAs had either identical copies or closely related rRNAs, tRNAs, and snRNAs, and were not further anahomologs in the genome, the putative precursors of lyzed. A total of 15 had 2-nt or more mismatches with which were able to form stable stem-loop structures the Arabidopsis genome and were not further analyzed.
( Figure 1A , Table 1 ; data not shown). Since the nucleoFive were found to be in exons or introns of proteintide differences were unlikely to generate new basecoding genes. The remaining 34 sequences were in inpairing specificities with target genes, we gave the tergenic regions. The 39 sequences from the last two homologous sequences the same gene names and discategories were compared with the Arabidopsis getinguished them from the original MIR genes by letters nome to identify the genomic sequences surrounding (b, c, etc.). Genes corresponding to the identical copies the putative miRNAs. Using the m-fold program, longer were distinguished from the original MIR genes by numgenomic sequences (60-110 nt) containing the small bers after dashes, such as MIR176-2, MIR176-3, etc. RNAs were used to predict secondary structures ( [36] ;
Identical or related copies of MIR genes were not found see Experimental Procedures). A total of 29 were capain tandem repeats ( Table 1 ). The precursors of identical ble of forming stem-loop structures ( Figure 1A and data copies of miRNAs were either identical (as for MIR176) not shown), 23 of which were tested by expression studor related (as for MIR172 and MIR175) in sequence (Figies. We were able to detect small transcripts of the ure 1A). Interestingly, the three homologs of MIR163 expected size (20-31 nt) for 11 of the 23 tested sewere all located in exons of potential protein-coding quences. Interestingly, the 11 miRNAs appeared to begenes (Table 1 and data not shown). long to 2 groups. For seven miRNAs, which we named group I (Table 1) 3 ; data not shown). The seven group I miRNAs longer 65-100-nt transcripts as well as small microRNAsized transcripts (Figures 2 and 3 ; data not shown). In were not uniformly expressed throughout the plant but instead showed preferential accumulation in some orfact, all four group II miRNAs, or their putative precursors, exhibited sequence similarity to known noncoding gans ( Figure 2 , Table 2 ). For example, MIR172 was not expressed detectably in roots, and MIR167 miRNA was RNAs from other plant species (Table 1 ) and were not eliminated from our first screen because the corremost abundant in inflorescences (Figure 2 ). We also studied the temporal patterns of miRNA accumulation sponding Arabidopsis genes were not annotated as noncoding RNAs.
during development for five of the group I MIR genes ( Table 2 ). All five showed an increase in RNA accumulaAmong the 11 miRNAs confirmed by expression studies, 3 were identified by Reinhart et al. [37] in an indepention at specific developmental time points ( Figure 2 , Table 2 ). dent study, in which the genes were designated MIR159, MIR163, and MIR167. To be consistent with the existing Since Dicer is required for the generation of miRNAs from their precursors in C. elegans, we tested whether nomenclature, we named the eight new MIR genes MIR172-MIR179, so that the numbers were consecutive CAF, the Arabidopsis homolog of Dicer, has a similar function in miRNA metabolism in Arabidopsis. In fact, with those in the report by Reinhart et al. [ [49] is also presented. However, no expression data were available for rice. d The lowercase letters "a" in MIR173 and "t" in MIR179 were present in the cloned sequences but were absent from the genomic sequences. The lowercase letter "a" was found in the genomic sequence of MIR177, but a "T" was present at this position in the cloned sequence. These mismatches to the Columbia genome may be due to either nucleotide polymorphisms between Ler and Columbia or mistakes generated in the PCR-based miRNA cloning procedures. Table 2 ). Therefore, the mechanism of miRNA produca higher level in animals in which Dicer activity was abolished or reduced by mutations or by RNAi [22] . This tion may be conserved between plants and animals. Despite the absence or greatly reduced abundance of suggests that certain steps or trans-acting functions in miRNA metabolism differ between Arabidopsis and C. the mature miRNAs, accumulation of miRNA precursors was never detected in caf-1 (data not shown). In C.
3,
elegans. The similar phenotypes exhibited by hen1-1 and caf-1 elegans, however, miRNA precursors accumulated to MIR163 and MIR167 showed distinct temporal patterns of expression during development (RNAs from aerial portions of plants were used). The numbers of days were calculated from the time stratified seeds were transferred to growth chambers. MIR172, MIR173, MIR167, and MIR178 were expressed preferentially in some organs. The MIR172 transcript was present in inflorescences, leaves, and stems at similar levels but was barely detectable in siliques and was not detectable in roots. The MIR173 transcript was present in inflorescences and leaves but was barely detectable in roots. The MIR167 transcript was most abundant in inflorescences. The mature MIR178 transcript (20 nt) was only present in inflorescences, although the probe also detected two bands at 80-100 nt in all three tissues. In, inflorescences; L, leaves; R, roots; St, stems; and Si, siliques. The sense probe for MIR173 did not detect any signals. 5S rRNA was used as an internal control. Table 2 ), although the precursor-sized transcripts were present at similar levels group I miRNAs were also not detected in hen1-1 (data not shown).
in all organs or at all time points tested (Figure 2 , data not shown). For example, the 20-nt MIR178 signal was only present in inflorescences, whereas the larger 80-Group II miRNAs In previous attempts to isolate miRNAs from metazoans, 100-nt transcripts were present in roots, leaves, and inflorescences at similar levels ( Figure 2) . Furthermore, sequences corresponding to rRNAs, tRNAs, etc. often constituted a significant proportion of cloned sethe small transcripts from all four group II miRNA genes did not accumulate in caf-1 or hen1-1 plants or accumuquences but were not analyzed further, presumably based on the assumption that these represented degralated at lower levels in caf-1 or hen1-1 plants than in wild-type plants ( Figure 3 , Table 2 ). These data argue dation products from abundant noncoding RNAs [17, 18] . We found that four of our cloned sequences related against the assumption that the small transcripts were random degradation products from noncoding RNAs. to known noncoding RNAs in our study likely corresponded to bona fide miRNAs. We were able to detect
The larger precursor-sized transcripts for all four group II genes were present in hen1-1, caf-1, and wild-type small RNA transcripts of the expected size for MIR176, 177, 178, and 179 genes (Figures 2 and 3; data not plants at similar levels ( Figure 3 and data not shown). These precursor-sized transcripts may be the true preshown). In contrast to group I miRNAs, larger precursorsized transcripts were also detected for all four group cursors of the miRNAs. Alternatively, they could be derived from other noncoding RNA genes with sequence II miRNAs (Figures 2 and 3; data not shown) . In some cases, sense probes and antisense flanking sequence similarity to the MIR genes. Although group II miRNA transcripts were clearly found, we cannot, without funcprobes were used to demonstrate the identities of the small transcripts (Table 2) . For example, an antisense tional studies, rule out the possibility that these transcripts are merely products of noncoding RNA prooligonucleotide probe for MIR178 detected both a 20-nt signal and two precursor-sized (80-100-nt) signals cessing and that they themselves do not serve any functions in the organism. in wild-type plants (Figure 2) . A sense oligonucleotide probe failed to detect the 20-nt or the 80-100-nt signals.
MIR176 and MIR177 were particularly interesting in that the two mature miRNA sequences were found only An antisense oligonucleotide probe complementary in sequence to the 5Ј flanking region of MIR178 was able 6 nt apart in presumably the same precursor sequence ( Figure 1A ). This and the nearly identical spatial patterns to detect the 80-100-nt signals, but not the 20-nt signal, confirming the identity of the 20-nt signal (Table 2) .
of accumulation of the two miRNAs (Table 2) suggest that they are processed from the same precursor. Conever, it is tempting to hypothesize that HEN1 homologs in metazoans and perhaps in Schizosaccharomyces sistent with this assumption, homologs of MIR176 and MIR177 found throughout the genome are always arpombe also act in miRNA metabolism. Although it is not known if Schizosaccharomyces pombe is able to ranged in pairs and are 6 bp apart (Table 1) .
perform RNAi or generate miRNAs, it has a Dicer homolog in its genome [8] . Table 1 ). Some of these potential targets are transcripmiRNA genes were identified from the two independent tion factors ( Table 1) . studies and that most miRNA sequences in our study were only isolated once suggests that the search for miRNAs in plants is far from complete. In fact, the isolaSimilarity or Complementarity to Potential tion of more than 100 small RNAs has recently been Promoter Sequences reported by Llave et al. [38] . In addition, we also demonBoth HEN1 and CAF have putative nuclear localization strated that group II miRNAs that are related in sequence signals [30, 32], suggesting that aspects of miRNA meto other noncoding RNAs, such as rRNAs, tRNAs, or tabolism happen in the nucleus. We wondered whether snRNAs, are present in Arabidopsis. Given that the great miRNAs may be present in the nucleus and regulate majority of clones from miRNA isolation correspond to gene expression at the DNA level. We determined known noncoding RNAs in both Arabidopsis and metawhether the miRNAs were similar or complementary in zoans, it is possible that group II miRNAs are also presat least 15 nucleotides to potential promoter sequences, ent in metazoans and that their prevalence is greater which we arbitrarily set to be sequences 0.1-1 kb upthan is currently appreciated. stream of the start codon. Indeed, microRNAs 163, 172, As in animals, the putative plant miRNA precursors 173, 175, 176, 177, and 179 were similar to promoter are also able to form stable stem-loop structures. Fursequences in either the sense or antisense orientation thermore, CAF, the Arabidopsis homolog of Dicer, is (see Table S1 in the Supplementary Material available required for the accumulation of miRNAs in Arabidopsis. with this article online).
Complementarity to mRNAs
Therefore, it appears that miRNAs, their synthesis, and presumably their functions existed before the divermiRNAs in Other Plant Species gence of the plant and animal kingdoms. HEN1, a novel miRNAs do not appear to be unique to Arabidopsis in the protein, is a new player in miRNA metabolism in Arabiplant kingdom. We were able to detect 21-nt transcripts dopsis. Since HEN1 homologs are found in bacterial as from tobacco with probes complementary to MIR159, well as fungal, plant, and metazoan genomes, it is even MIR167, and MIR172 (Table 1) and maize with probes possible that miRNAs were part of an ancient, RNAcomplementary to MIR159 and MIR167 (Figure 3 , Table  based gene regulatory network that existed in bacteria. 1), and this suggests that homologs of these genes are present in tobacco and maize. In addition, the rice genome HEN1 in miRNA Metabolism has sequences that are identical to, or only one nucleotide Studies in metazoan species have revealed a role of different from, seven of the MIR genes (Table 1) 
